Our Galactic Center contains young stars, including the few million year old clockwise disk of O and B stars between 0.05 pc to 0.5 pc from the Galactic Center, and the S-star cluster of early B-type stars at a galactocentric distance of ∼0.01 pc. Recent observations suggest the S-stars are remnants of tidally disrupted binaries from the clockwise disk. In particular, Koposov et al. 2020 recently discovered a hypervelocity star that was ejected from the Galactic Center five million years ago with a velocity vector that is consistent with this disk. We perform a detailed study of this scenario. First, we quantify the plausible range of binary semi-major axes in the clockwise disk. We find that the dynamical evaporation of such binaries is dominated by other disk stars rather than more numerous old, isotropic stellar population. For the expected range of binary semi-major axes in the clockwise disk, binary tidal disruptions (also known as the Hills mechanism) can reproduce the observed S-star semi-major axis distribution. Reproducing the observed thermal eccentricity distribution of the S-stars requires an additional relaxation process. The flight time of the recently discovered hypervelocity star from the Galactic Center and the most recent constraints on the S-stars' ages both suggest this process has to be effective within 10 7 years. We consider three possibilities: (i) scalar resonant relaxation from the surrounding isotropic star cluster (ii) torques from the clockwise disk, and (iii) an intermediate mass black hole. We conclude that only the latter would be fast enough to reproduce the observed S-star eccentricity distribution. Finally, we show that the primary star from an unequal mass binary would be deposited at larger semi-major axes than the secondary, possibly explaining the dearth of O stars among the S-stars.
INTRODUCTION
The Galactic Center contains a population of young stars. This population includes a disk of O, B. and Wolf-Rayet stars between 0.05 and 0.5 pc from the center (the clockwise disk; Levin & Beloborodov 2003; Paumard et al. 2006) as well as an isotropic cluster of B stars at ∼ 0.01 pc (the S-stars). The presence of young stars on these scales is a challenge for current theories of star formation, as strong tidal forces would shred molecular clouds at the present location of the clockwise disk (Ghez et al. 2003) . One proposed solution is that the disk stars formed from a Toomre unstable gas accretion disk (Levin 2007) . However, it is unlikely that this in-stability could extend to the present-day location of the the S-stars (in particular to the present day orbit of S2) (Nayakshin & Cuadra 2005) .
Instead, the S-stars may have migrated from larger scales, either via interactions with a gas disk (Levin 2007) , or via the Hills mechanism (Hills 1988 ). In the latter case binaries are scattered close to the central supermassive black hole (SMBH) and tidally disrupted. One of the stars in the binary escapes at high velocity, while the other remains bound to the central SMBH. Binaries may originate from large ( ∼ > pc) scales (Perets et al. 2007) or from the clockwise disk itself (Madigan et al. 2009 ). The latter scenario is particularly attractive as recent observations indicate the age of the Sstars is consistent with the age of the clockwise disk (Habibi et al. 2017 ). Furthermore, a recently discovered hypervelocity star also points to a disk origin for the S-stars (Koposov et al. 2020) . This star has a velocity vector consistent with the clockwise disk. Additionally the flight time of this star from the Galactic Center (4.8 Myr) is comparable to the age of the disk. This strongly suggests that some binaries from the disk underwent disruptions a few million years ago, which would have left a population similar to the observed Sstars. Other models for the origins of the S-stars include compression and fragmentation of an outflowing spherical shell (Nayakshin & Zubovas 2018) and scattering of binaries by stellar mass black holes (Trani et al. 2019 ). However, neither of these models would account for the observed hypervelocity star.
Within the Hills scenario it is difficult to reproduce the observed thermal eccentricity distribution of the Sstars ). The Hills mechanism would place stars on highly eccentric orbits (e.g. Antonini & Merritt 2013 ). Thus, a subsequent relaxation process must be invoked to reproduce the observations.
In this paper we revisit the viability of the Hills mechanism as a source of the S-stars. Motivated by the similar ages of the disk and S-stars, we focus on the case where the source binaries originate in the clockwise disk as in Madigan et al. 2009 . First we quantify the plausible range of binary parameters within this disk, including the effects of dynamical evaporation. We find that the disk stars dominate this process, even though they are less numerous than the old, isotropic population in the Galactic Center. We then simulate a large ensemble of close encounters between disk binaries and the central SMBH. Remnants from these encounters can account for the semi-major axis distribution of the S-stars, but their eccentricities are too high.
We consider three possible mechanisms that could reproduce the observed S-star eccentricities: (i) scalar resonant relaxation (SRR) due to the surrounding isotropic cluster, (ii) torques from the clockwise disk and (iii) an intermediate mass black hole (IMBH) near the S-stars. SRR occurs in highly symmetric potential where longterm correlations between stellar orbits lead to a buildup of coherent torques that change the stars' eccentricity (Rauch & Tremaine 1996) . Previous works (e.g. Antonini & Merritt 2013) find that the SRR timescale near the S-stars can be as short as ∼ 10 7 years if the effects of stellar mass black holes are included. Here we revisit this estimate in light of new theoretical developments in the theory of resonant relaxation. Specifically we use the formalism of Bar-Or & Fouvry (2018) , who derived diffusion coefficients for resonant relaxation from the orbit-averaged Hamiltonian of a star in a sphericallysymmetric star cluster. We find that a realistic population of stellar mass black holes can only reduce the SRR time at the location of the S-stars to ∼ 2 × 10 7 years, which is in tension with their observed ages and the flight time of the Koposov et al. (2020) star. We also find that torques from the clockwise disk are quenched by general relativistic precession, and would not be able to reproduce the S-stars' eccentricity distribution. IMBHs have previously been considered as a mechanism for reproducing the orbital properties of the S-stars ), though this work did not consider stars on highly eccentric orbits as would be expected from the Hills mechanism. Here we show a ∼ 10 3 M IMBH at ∼0.01 pc thermalize the S-star orbits within a few Myr, starting from an initial eccentricity that is ∼ >0.97. The remainder of this paper is organized as follows.
In § 2 we discuss the the plausible range of binary properties within the clockwise disk. We review the disk instability that pushes such binaries to tidal disruption in § 3. We then simulate a large number of close encounters between disk binaries and the Galactic Center SMBH, as summarized in § 4 and § 5. We explore various processes that could reproduce the observed S-star eccentricity distribution in § 6. Finally, we consider other consequences of tidal encounters between binaries and SMBHs in § 7.
GALACTIC CENTER BINARY POPULATION
An SMBH can tidally disrupt a binary into two stars. The post-disruption orbits of these stars depend on the initial properties (e.g. the semi-major axis and eccentricity) of the binary. In this section we quantify the plausible range of binary properties of the young stellar population in the clockwise disk in the Galactic Center.
Binary dynamics
Binaries with a semi-major axis
are soft and will evaporate over time. Here m 1 and m 2 are the masses of the primary and secondary star in the binary, respectively; < m > and σ are the mean mass and the velocity dispersion of the surrounding stellar population. The time-scale for evaporation is
where v 12 is the (internal) orbital velocity of the binary, < m 2 > is the second moment of the stellar mass function, n is the stellar number density, and Λ 12 ≈ 2σ 2 /v 2 12 (see equation 3 of Alexander & Pfuhl 2014) . From equation (2), soft binaries at a galactocentric radius r with a bin > a evap = e W (ta/t) Gm 2σ 2 (3)
would have evaporated after time t. Here m is the total mass of the binary and W is the Lambert W function. Gravitational wave emission and finite stellar radii set a lower limit on the binary semi-major axis. Within time t binaries with
f (e) = (1 − e 2 ) 7/2 1 + 73 24 e 2 + 37 96 e 4
would have coalesced. Here e and q are the binary eccentricity and mass ratio (see Peters 1964 equation 5.6 ). Binaries with
will experience Roche lobe overflow (Eggleton 1983) . We consider a roche to be a lower limit to the binary separation. For the young stars in the clockwise disk a GW < a Roche , and gravitational wave inspiral is unimportant. Kozai-Lidov oscillations can also be important for binaries in the Galactic Center (Antonini & Perets 2012; Stephan et al. 2016) . The quadrupole Kozai-Lidov timescale at the inner edge of the clockwise disk is
Kozai-Lidov oscillations would occur for highly inclined, wide binaries (a bin ∼ > 1 AU) for which the precession timescale due to general relativity (GR) is longer than Kozai-Lidov timescale. Here we neglect the effects of Kozai-Lidov oscillations, as we assume the binaries' angular momenta are aligned with that of the clockwise disk.
The Galactic Center
There are two populations that can perturb binaries in the ∼ 4 Myr old ) clockwise disk: (1) the surrounding old, isotropic star cluster and (2) the disk stars themselves.
The latter will dominate if
where subscripts "d" and "iso" indicate the disk and isotropic populations respectively. Note that σ d /σ iso ≈ (H/r), where H is the scale height of the disk. There are ∼1000 stars 1 in the disk with an r −2 surface density profile between ∼0.05 and ∼0.5 pc (Paumard et al. 2006; Do et al. 2013 ). Thus,
For the observed M −1.7 ) mass function in the disk
We assume that this mass function extends from 1 M to 60 M (the main sequence turn-off mass for a 4 Myr old stellar population). The stellar density in the isotropic component can be constrained by existing observations. For example, Schödel et al. (2018) find that the stellar density is ∼ 1 − 2 × 10 5 M pc −3 one parsec from the Galactic Center with an r −1.13±0.03 model ±0.05sys profile. However, the mean-square mass will be a strong function of the number of stellar mass black holes in the isotropic component. We adopt the Fiducial×10 model from Generozov et al. (2018) for the black hole density profile. The black holes in this model are formed near the present day clockwise disk. The present epoch is assumed to be typical, so ∼300 massive stars form every few million years, and become black holes and neutron stars. This model approximately reproduces the observed stellar density profile in the Galactic Center, as well as the recently discovered population of black hole X-ray binaries in the central parsec (Hailey et al. 2018; Mori et al. 2019 ) via tidal capture of main-sequence stars. This model implicitly assumes the IMF in the disk is truncated near 10M , which is problematic as the hypervelocity star observed by Koposov et al. (2020) is an A-type star with a few solar masses. Nonetheless the black hole density profile in the Fiducial×10 model is within a factor of a few of previous estimates on the scales of interest, which assume that black holes and low mass stars form as a single population with a standard mass function (see the review by Alexander et al. 2017 and the references therein).
In the Fiducial×10 model
and
between 0.01 pc and 0.1 pc. The number density is dominated by main sequence stars, but compact remnants (e.g. stellar mass black holes) dominate the two-body relaxation on these scales. From equation (9) the disk stars dominate the evolution of the binaries for aspect ratios
This inequality should be satisfied in the clockwise disk, which has an observed H/r ≈ 0.1 (Paumard et al. 2006 ).
ECCENTRIC DISK INSTABILITY
If the young clockwise disk started with a high eccentricity (e ∼ > 0.6), some of its stars and binaries could have been excited to nearly radial orbits and tidally disrupted as described in Madigan et al. (2009) . Briefly, stars in the disk precess retrograde to their orbital angular momenta due to the influence of the surrounding star cluster (Madigan et al. 2011; Merritt 2013) . Stars with higher eccentricities precess more slowly and end up behind the bulk of the disk, which then torques them to even higher eccentricities. Eventually such stars (or binaries) may be tidally disrupted.
To illustrate the development of this instability, we perform N-body simulations of an eccentric, apsidally aligned disk, closely following Madigan et al. (2009) for our initial conditions. Specifically, we initialize a disk with 100 point masses of 100 M each (for a total disk mass of 10 4 M ), orbiting a 4×10 6 M SMBH. The disk stars have semi-major axes between 0.05 pc as 0.5 pc with an r −2 surface density profile like the clockwise disk. All stars start with an initial eccentricity of 0.7 and nearly aligned eccentricity and angular momentum vectors. The simulations also include the potential of an r −1.5 stellar density profile, with 4 × 10 6 M of stars within four parsecs.
We integrate the disk forward in time with the IAS15 integrator of the REBOUND N-body code (Rein & Liu 2012; Rein & Spiegel 2015) . 2 We also include an approximate treatment of GR effects via REBOUNDX (Tamayo et al. 2020) . 3 Any particles that pass within 3 × 10 −4 pc of the central SMBH are recorded as binary disruptions. In general, these stars are not removed from the simulation to keep the disk potential as constant as possible, but we only record one disruption per particle. 4 The top panel of Fig. 1 shows the initial orbits of disk stars for a particular simulation, while the bottom panel shows the disk orbits after ∼ 4 Myr. By this time, the orbits are spread out and have a bimodal eccentricity distribution as shown in Fig. 2 (see also Madigan et al. 2009; Gualandris et al. 2012) . Bartko et al. (2009) claimed detection of a bimodal eccentricity distribution within the clockwise disk. However, subsequent work has argued these measurements are contaminated by non-disk stars and favor a unimodal eccentricity distribution with a mean eccentricity of 0.27 ± 0.07 (Yelda et al. 2014) . The latter observation would disfavor the eccentric disk scenario. However, caution is warranted in interpreting these observations, as disk membership and the observed disk eccentricities may be contaminated by binary stars (Naoz et al. 2018) .
Only a few percent of the particles in our simulations undergo disruptions compared to ∼ 30 percent for simulations with similar initial conditions in Madigan et al. (2009) . However, the total number of disruption is sensitive to the slope of the stellar density profile, and the total mass of the disk. In particular, the disk may have been more massive earlier in its history, when gas was still present. Doubling the mass of the disk to ∼ 2 × 10 4 M , and taking a flatter r −1.1 stellar density profile (motivated by Schödel et al. 2018) , increases the disrupted fraction up to 17 ± 2 percent. Fig. 3 shows binary disruptions occur promptly after the disk forms. In particular, disruptions begin at a few times the disk's secular time, viz.
where M and M d are the SMBH and disk mass respectively, and P is the orbital period. t sec ≈ 1 − 2 × 10 5 years at 0.05 pc (the inner edge of the clockwise disk). In order to be tidally disrupted a binary has to enter into a loss cone of low angular momentum orbits that pierce the tidal radius. Binaries can be either in the empty or full loss cone regime. In the former case, binaries would diffuse into the loss cone over many orbital periods. In the latter case, binaries can jump into and out of the loss cone in a single orbital period. Here we show disk binaries are in the empty loss cone regime.
The typical torque per unit mass from the disk is Figure 3 . Times when binaries are disrupted in our disk simulations (t = 0 is the start of the simulation). The blue, solid histogram shows the distribution of disruption times for simulations with a 2 × 10 4 M disk and an r −1.1 background stellar density profile, while the black, empty histogram shows the distribution of disruption times for simulations with a 10 4 M disk and a r −1.5 stellar background. Binary disruptions begin after a secular time (1 − 2 × 10 5 years). Each distribution is constructed by stacking the results of four different simulations. where M d ≈ 10 4 M is the disk mass and a d is a characteristic semi-major axis for a disk orbit. The change in angular momentum per orbit due to this torque is
where P (a d ) is the orbital period and j lc is the loss cone angular momentum (see also Wernke & Madigan 2019 equation 12 ). Thus, disk binaries are typically in the empty loss cone regime (Q < 1), and approach the tidal radius gradually over several orbits.
BINARY DISRUPTION ENSEMBLE
We simulate an ensemble of encounters between stellar binaries and a 4 × 10 6 M SMBH, where the binaries pass near their tidal radius. The binary properties in this ensemble are summarized in Table 1 .
We draw the binary semi-major axis from a loguniform distribution. The maximum semi-major axis is set by dynamical evaporation, while the minimum semi-major axis is set by finite stellar radii and gravitational wave emission. In particular the semi-major axis distribution extends from
to
The semi-major axes on the right-hand side of the above equations are defined in § 2.1 and are evaluated assuming 4 Myr old stars at a galactocentric radius of 0.1 pc. Fig. 4 shows the minimum and maximum semi-major axes for two different binary eccentricities. The stellar masses are drawn from the observed mass function of the disk . As the observed S-stars are all B-stars we consider only stars between 8 and 15 M (these are approximately minimum and maximum masses of the eight S-stars studied by Habibi et al. 2017) . The mass ratio of the binary is taken to be one for simplicity. We use two different distributions for the internal binary eccentricity (circular and thermal).
As noted § 3.1 binary disruptions will likely be in the empty loss cone regime. In this regime the pericenter distribution of tidally disrupting single stars is strongly peaked at the tidal radius. The binary case is more complicated as the disruption probability gradually increases as the pericenter decreases.
The top panel of Fig. 5 shows the probability for a binary to disrupt as a function of its pericenter and its internal eccentricity. For any combination of these parameters the outcome of a close encounter between a binary and an SMBH is determined by the binary's phase. The disruption probability first becomes non-zero between 2 and 3r t,o , where
The probabilistic nature of binary disruptions implies that there would be a spread in the pericenters of disrupting binaries even in the empty loss cone regime.
Here we do not attempt to model this distribution, but assume all binaries are disrupted at an effective tidal radius
The prefactor χ is a function of the internal binary eccentricity. We define χ so that a binaries have a 50% disruption probability at the effective tidal radius. The bottom panel of Fig. 5 shows χ as a function of the binary eccentricity.
Method
We solve for the positions of the stars using both the parabolic Hills approximation (Sari et al. 2010 ) as well as direct three-body integration with AR--Chain (Mikkola & Merritt 2008) . In both cases post-Newtonian effects are neglected (Antonini et al. 2010 conclude that the latter would be negligible except for the closest binaries). The binary's center of mass orbit is approximated as parabolic unless otherwise noted.
The presented results in the main text are from AR--Chain integrations. However, we find that the Hills approximation is generally accurate as discussed in Appendix A.
RESULTS

Distributions of orbital elements
Taylor expanding the potential energy about the tidal radius, gives the spread in orbital energy across the binary when it is disrupted, viz.
where q, m bin , and a bin are the mass ratio of the secondary to the primary, total mass, and semi-major axis of the binary and k is a factor of order unity. After the disruption, one of the stars is left on a bound orbit with energy
where m s is the mass of the star, and a s is its postdisruption semi-major axis. For a parabolic disruption E s = ∆E. Therefore, 
where k ≈ 0.3 − 1 depends on the phase and eccentricity of the binary. In the second line of equation (24) we assume the binary stars are equal in mass.
The bound star will have approximately the same pericenter as the original binary orbit. Therefore, its eccentricity is
where χk ≈ 1 − 2. Fig. 6 shows the post-disruption semi-major axis and eccentricity distributions for bound stars in our ensemble of encounters. The top panel shows the distributions for initially circular binaries, while the bottom panels shows the distribution for binaries drawn from a thermal distribution. As expected, the bound stars are on highly eccentric orbits (e ∼ > 0.96) with semi-major axes between ∼ 10 −3 and 1 pc. The remnant stars in our Monte-Carlo ensemble extend to larger semi-major axes than the observed S-stars. This is largely an artifact of the parabolic approximation for the binary's center of mass orbit. For stars deposited on larger scales the spread in energy across the binary is no longer much greater than energy of the center of mass orbit. When a realistic eccentricity for the binary center of mass is included, the semi-major axis distribution of the bound stars becomes less extended (as shown in Fig. 7 ). For thermal eccentricity binaries, the semi-major axis distribution of remnant stars inside the inner edge of the disk (∼ 0.05 pc) is statistically consistent with the semi-major axis distribution of S-stars in this region. 5 The two distributions are not statistically consistent in the case of circular binaries. However, this can be fixed by taking a flatter binary semi-major axis distribution (e.g. dN da bin ∝ a −0.5 bin ). As noted in (Antonini & Merritt 2013 ) the Hills mechanism deposits stars on highly eccentric orbits, and cannot reproduce the observed thermal eccentricity distribution of the S-stars.Šubr & Haas (2016) claim binary disruption can result in a thermal eccentricity distribution if the binary approaches the tidal radius gradually. This would only be the case if the binary's center of mass orbit is not nearly parabolic.
So far we have assumed that binary's center of mass orbit is parabolic. We explicitly test this approximation, by simulating binary disruptions with realistic eccentricities. Specifically, we consider binaries originating at the inner edge of the clockwise disk (0.05 pc) that cross the tidal radius. Fig. 7 shows the post-disruption semimajor axis and eccentricity distribution of bound stars in this case. Interestingly, there is a tail of lower eccentricity stars at larger semi-major axes. Nonetheless inside of a few×10 −2 pc the eccentricity distribution is similar to what we found with the parabolic approximation. Another difference from the parabolic case is that the bound stars are less extended in semi-major axis. Note that, as the binaries start on bound orbits, both stars can remain bound to the SMBH.
We conclude that an additional relaxation mechanism is required to reproduce the observed eccentricity distribution of the S-stars. In § 6 we investigate three different possibilities.
Reproducing the number of S-stars
The eccentric disk instability would produce Same as the bottom panel of Fig. 6 , except the binary's center of mass is no longer approximated as parabolic. Instead each binary's center of mass orbit has an eccentricity e = 1 − r t a d , where rt is the effective tidal radius (equation 21) and a d = 0.05 pc is the inner edge of the clockwise disk. Note that in this case both stars can remain bound to the SMBH after a binary disruption.
fraction of disk stars that have their pericenter pushed below the binary tidal radius, f c ≈ 0.2 − 0.3 is the fraction of binaries that would collide instead of disrupting (see § 7.1). f mf ≈ 0.11 is the fraction of disk stars with masses between 8 and 15 M like the S-stars with existing mass measurements (Habibi et al. 2017) .
The total mass of the clockwise disk is inferred to be between ∼ 1.4 × 10 4 M and 3.7 × 10 4 M . This would imply between 2300 and 6200 stars in the disk (or between 1100 and 3100 binaries, for a binary fraction of unity). 6 For N d = 3000, the number of S-stars inside of the inner edge of the clockwise disk would be ∼ < 50. Thus, the eccentric disk instability can reproduce the observed number of S-stars.
REPRODUCING THE OBSERVED ECCENTRICITY DISTRIBUTION OF THE S-STARS
We have argued that if the S-stars are sourced by the Hills mechanism, a relaxation process is needed to reproduce their present-day eccentricity distribution. In this section, we consider three possible relaxation mechanisms: (a) scalar resonant relaxation (b) secular torques from the clockwise disk and (c) an IMBH. We find only the latter mechanism can effectively the thermalize the S-stars' eccentricity distribution over a few Myr, as required by observations.
Resonant relaxation
Resonant relaxation occurs in potentials with a high degree of symmetry like a Keplerian potential. In a nearly Keplerian potential, orbits will be fixed over many periods. This leads to a coherent build-up of torques on each orbit (Rauch & Tremaine 1996) . These torques can change either the direction or the magnitude of an orbit's angular momentum. The former is vector resonant relaxation (VRR), and the latter is scalar resonant relaxation (SRR). We focus on SRR, as VRR cannot change an orbit's eccentricity. However, VRR likely plays an important role in the dynamics of the S-star cluster, as it can change the orientations of the S-stars' orbits within a few million years (Kocsis & Tremaine 2011) .
The SRR time depends on the precession rate of the stellar orbits. After orbits start to precess, the torques no longer add coherently and the angular momentum evolution becomes a random walk. Orbital precession can be caused by general relativity, the distributed mass in the star cluster, or by resonant relaxation itself. When orbital precession is dominated by the distributed mass, the SRR time is
where M is the mass of the SMBH, P is the orbital period, and m is the stellar mass. Horizontal bars denote averages (Rauch & Tremaine 1996; Alexander 2017 stellar mass black holes can reduce the resonant relaxation time near the present-day location of the S-stars to ∼ 10 7 years, roughly consistent with their observed ages and the time since the hypervelocity star from Koposov et al. (2020) was ejected from the Galactic Center.
Here we revisit these estimates in light of new developments in the theory of resonant relaxation. In particular, (Bar-Or & Fouvry 2018) derived diffusion coefficients for SRR in a spherical, isotropic cluster from first principles. In their work the stochastic perturbations of the stellar background on a star are encapsulated as a sum of spherical harmonic noise terms in its orbit-averaged Hamiltonian. The angular momentum diffusion coefficients are related to the auto-correlation function of these terms. Bar-Or & Fouvry (2018) find that SRR is strongly quenched for rapidly precessing eccentric orbits by the adiabatic invariance of the angular momentum.
We follow Bar-Or & Fouvry (2018) and define the SRR time in terms of the isotropically averaged diffusion coefficients, viz.
where j is the angular momentum, D jj,RR is the (second order) SRR diffusion coefficient, and the subscript "lc" denotes the loss cone. The angular momentum is normalized to that of a circular orbit with the same energy. The angular momentum diffusion coefficient D jj,RR (j) can be calculated the publicly available software package SCRRPY. 8 We first apply this formalism to the "Fiducialx10" model from Generozov et al. (2018) . For technical reasons we use a power law approximation for the density profile of each component in this model. In this approximation, the mass in stars (m ) and black holes (m • ) within semi-major axis a is m (< a) ≈ 7.9 × 10 3 M a 0.1 pc
These profiles are accurate inside of ∼0.1 pc where the S-stars are located, but overestimate the number of black holes at larger scales. However, this would not 8 We have generalized this code to include the effects of mass spectrum.
The original (modified) code is available at https://github.com/benbaror/scrrpy (https://github. com/alekseygenerozov/scrr multimass).
affect the results as the torque on a particular star is dominated by orbits within a factor of two of its semimajor axis (Gürkan & Hopman 2007) .
We also consider the stellar density profiles from Antonini & Merritt (2013) to more directly compare with this work. They have 1M stars and 10M black holes with the following profiles: Fig. 8 shows the SRR time of these models as a function of semi-major axis. For reference, we also show an estimate of the SRR time without any stellar mass black holes from Bar-Or & Fouvry (2018) . In all models the SRR time is longer than measured ages of the S-stars and the flight time of the Koposov et al. (2020) star, and is at least ∼ 2 times longer than the resonant relaxation time in Antonini & Merritt (2013) .
Making the black holes in the "Fiducial× 10" model more massive would reduce the SRR time. The blue line in Fig. 8 shows the effect of making the black holes in this model 50M (we refer to this model as "Top Heavy"). Although the SRR time in this model is comparable to the measured ages of the S-stars, the assumed black hole density profile would cause a rapid expansion of the Galactic Center nuclear star cluster via two body relaxation. This would make the influence radius ∼ 4.5 pc, in disagreement with observations. We conclude that realistic profiles of stellar mass black holes cannot reduce the resonant relaxation time on the scale of the S-stars below ∼ 2 ×10 7 years.
Finally, we verify that the isotropically averaged SRR time (equation 28) is accurate for the highly eccentric orbits expected from binary disruption by solving the angular momentum diffusion equation, viz.
where P (j, t) is the angular momentum distribution function. We do not account for the effects of nonresonant two-body relaxation here. Fig 9, shows the second order diffusion coefficient for the "Top Heavy" model at a galactocentric distance of 0.01 pc. Fig. 10 shows the evolution of an example angular momentum distribution function over 40 Myr. The distribution function is initially a Gaussian centered at j = 0.22, corresponding to an eccentricity of e = 0.975 (the median eccentricity in the bottom panel of Fig. 6 ). Figure 9 . The second order resonant relaxation diffusion coefficient at 0.01 pc in the "Top heavy" model from SCRRPY. Inside of j/jc = 0.4, the angular momentum diffusion coefficient decreases sharply due to general relativitic precession. Thus, angular momentum diffusion is very slow for stars at low angular momentum (high eccentricity).
The distribution relaxes to a thermal distribution after ∼ > 5 Myr, the isotropically averaged SRR time.
Disk torques
In this section we quantify secular torques from the clockwise disk to see if they could thermalize the Sstar eccentricity distribution. First, we quantify the expected torque analytically. The torque on a particle (31), with the diffusion coefficient from Fig. 9 ). The horizontal axis is the angular momentum normalized to the angular momentum of a circular orbit of equal energy. The initial distribution function is a Gaussian centered on j/jc=0.22 (corresponding to an eccentricity of 0.975-the median eccentricity expected from binary disruptions), and gradually relaxes to a thermal distribution (red, dashed line) after ∼5 Myr, the isotropically averaged relaxation time (equation 28). Thus, the timescale for stars injected via binary disruptions to relax to a thermal eccentricity distribution is comparable to the isotropically averaged relaxation time.
well inside of the disk may be estimated via spherical harmonic expansion as shown below.
First, we replace the disk with a single particle of mass M d on an elliptical orbit around the central SMBH. The spherical harmonic expansion of this orbit's gravitational potential at a point r with spherical polar coordinates < r, θ, φ > is
where Φ is the true anomaly of the particle, D is its distance from the center, and Y m is the spherical harmonic of degree , m (see e.g. equation 3 of Fuller & Lai 2011) . W m is a constant and is non-zero only if + m is even. The physical potential is the real part of the above expression.
The orbit-averaged , m component of the potential is
where P orb is the orbital period and
where a d , e d , j d are the semi-major axis, eccentricity, and the specific angular momentum of the disk orbit respectively (j d = Constant × a d (1 − e 2  d ) ). The = 0 term does not depend on r, and therefore does not contribute any force. The orbit-average of the = 1 and the = 2, m = ±2 terms is 0. The orbit-average of the = 2, m = 0 component is non-zero, but the corresponding force is radial in the plane of the orbit, and would exert no torque. The leading order contribution to the torque comes from the , m = 3, 1 term of the potential expansion. In the plane of the orbit (where θ = π/2), the φ component of the specific force from this term is
The corresponding specific torque is
Thus, the torques fall off as r 3 within the inner edge of the disk. The torque on a test orbit at an angle ω with respect to the disk is
where the a and e are the semi-major axis and eccentricity of the test orbit. The double brackets on the left side of the above equation denote averages over the disk and test orbits. If the test star was injected via the Hills mechanism e ∼ 0.975 and f (e ) = 0.8. For the S-stars a /a d ≈ 0.2, and << τ 3,1 >>≈ 2.4 × 10 −2 τ d for e d = 0.7. Here τ d is the characteristic torque at the inner edge of the disk. If the S-star and disk orbits remained static even this attenuated torque could perturb the S-stars' eccentricities significantly over their lifetime. For a star with a semi-major axis of 0.01 pc and an eccentricity of 0.975 the characteristic time-scale to perturb its angular momentum is j/ << τ 3,1 >>≈ 1.4 × 10 5 years.
However, the torques from the disk would be further attenuated by precession of the disk and S-star orbits. The top panel of Fig. 11 shows the specific torque on an e = 0.975, a = 0.01 pc test orbit inside of an idealized, non-precessing eccentric disk with e d = 0.7, a d = 0.05 pc, and a total mass of 10 4 M . GR causes the highly eccentric test orbit to precess 2π radians over 4 × 10 4 years. In principle, the test orbit's eccentricity (and precession rate) are allowed to change. In practice, the torque frequently reverses in sign, so that test orbit's eccentricity is nearly constant, as shown in the bottom panel of Fig. 11 .
The eccentric disk will also evolve over time. We include this effect by directly injecting remnant stars after binary disruptions in N-body simulations of an eccentric disk (see § 3 for a description of the basic simulation setup). Specifically, whenever a particle crosses the tidal radius 9 in a simulation it is replaced with a child particle with a semi-major axis of a = 0.01 pc, and an eccentricity of e = 1 − r p /a . All of the other orbital elements are inherited from the parent. For computational convenience the child particles are taken to be massless.
The curves in Fig. 12 show the post disruption evolution of the injected particles' eccentricities compiled from several simulations. The injected stars retain eccentricities greater than 0.96 over 5 Myr.
Effect of IMBHs
In this section, we demonstrate that a ∼ 10 3 M IMBH with a semi-major axis of ∼0.01 pc could thermalize the eccentricity distribution of stars deposited via the Hills Mechanism. This semi-major axis is motivated by past work which shows IMBHs would stall at ∼ 0.01(q/10 −3 ) pc from the Galactic Center (where q is the mass ratio between the IMBH and the central SMBH; see Merritt et al. 2009 and the references therein). As the IMBH is closer to the S-stars than the clockwise disk, it is more effective at changing their eccentricity distribution.
We perform N-body simulations with AR--Chain of 20 ten solar mass stars interacting with an IMBH. Merritt et al. (2009) and performed similar calculations. However, in our simulations the star are initially on highly eccentric orbits with e ≈ 0.975, as expected from the Hills mechanism. More Figure 11 . T op panel: Torque from an idealized eccentric disk on a test orbit with a semi-major axis of 0.01 pc and an initial eccentricity 0.975 as a function of time (see text for details). The torque is normalized by τ d = Gm d a d , where a d and m d are the characteristic semi-major axis and the mass of the disk respectively. The semi-major axis of this test orbit is five time smaller than the inner edge of the disk. The test orbit experiences general relativistic precession, so that the torque rapidly changes sign, and the eccentricity oscillates as shown in the bottom panel.
precisely we draw the stars' semi-major axis (a) and eccentricity from the distribution in the bottom panel of Fig. 6 , with the restriction 0.005 pc ≤ a ≤ 0.03 pc. The stars are all initially in a plane, with a randomized orientation and mean anomaly. We consider four different IMBH masses (M IMBH ) between 3×10 2 M and 10 4 M , five different inclinations (i imbh ) evenly spaced between 5.7 • and 174.3 • , and two eccentricities (0, 0.7). We perform four different ∼ 10 Myr simulations for each set of Figure 12 . Eccentricity evolution of a set of test particles injected into N-body simulations of an eccentric disk (see Fig. 1 ). These particles are injected after binary disruptions in the simulations and start with an eccentricity of ∼ 0.97 and a semi-major axis of 0.01 pc, which is five times smaller than the inner edge of the disk. Note that this data is compiled from multiple simulations. Table 2 . IMBH parameters for the simulations in this section. The semi-major axis is fixed to 0.01 pc for simplicity.
MIMBH 3 × 10 2 , 10 3 , 3 × 10 3 , 10 4 M iIMBH 5.7, 48, 90, 132, 174 • eIMBH 0, 0.7 IMBH parameters. Post-Newtonian effects are included for the black holes in these simulations up to a PN order of 2.5. The IMBH parameters in our simulations are summarized in Table 2 .
To identify IMBH parameters that would reproduce the observations, we find snapshots where the following criteria are met 1. At least half of the simulated S-stars remain within 0.03 pc.
2. The KS and Anderson-Darling test probabilities that the simulated and observed S-star eccentricity distributions are consistent is at least ten percent.
3. There are no more than two stars with eccentricity greater than 0.95, as in the observed population. For this and the preceding condition, we only consider stars with semi-major axes within 0.03 pc (stars with larger semi-major axes would be torqued by the clockwise disk). Table 3 . IMBH parameters that can reproduce the observed S-star eccentricity distribution, according to the criteria above. The fourth and fifth columns are the minimum and maximum times for which for the first three criteria are satisfied. The last column shows the number of mergers (with respect to the SMBH) recorded in the simulation. The last condition is motivated the best fit age of the clockwise disk from Lu et al. (2013) , and the ( Table 3 summarizes the IMBH parameters for which at least one of the four simulation we ran satisfies the above conditions. For circular IMBHs, only simulations with M IMBH = 10 3 M and i imbh = 5.7 • or i imbh = 48 • satisfy all of the above criteria. A 10 3 M IMBH with an eccentricity of 0.7 satisfies the criteria for all inclinations in our grid except for 48 • . Finally, one simulation with an eccentric 300M IMBH at an inclination of 5.7 • satisfies these conditions. As shown in the last two columns, these IMBHs can generally thermalize the S-stars' eccentricity distribution over a few Myr, as required by observations.
MIMBH
The blue, solid histogram in Fig. 13 , shows the eccentricity, semi-major axis, and inclination distributions from an example simulation snapshot where the above conditions are satisfied. The black, unfilled histogram in this figure shows the distribution of the S-stars with semi-major axes inside of the clockwise disk. As shown in Fig. 14, the eccentricity distribution from this simulation is statistically consistent with observations for a range of times. Note that the distributions in Fig. 13 only include stars with semi-major axes inside of 0.03 pc. Some stars in our simulations are kicked to larger semi-major axes. However, interactions with the clock-wise disk (which are not included in these simulations), would be important for these stars.
In this case the IMBH also isotropizes the S-star orbits, so that their inclination distribution is consistent with observations. In general, the IMBHs in Table 3 can isotropize the S-star orbits, except for the those with the lowest inclinations (i = 5.7 • ). However, as discussed in § 6, vector resonant relaxation can also isotropize the S-star orbits.
Finally 0-2 stars are unbound from the SMBH in these simulations. Also, a few "mergers" were recorded between stars and the central SMBH as summarized in the last column of Table 3 . 10
Constraints on IMBHs in the Galactic Center
Here we review existing observational and theoretical constraints on the presence of an IMBH in the Galactic Center. Proper motion studies of SGR A* find can rule out IMBH with mass ∼ > 10 4 M between 0.005 and 0.5 pc from the Galactic Center (Reid & Brunthaler 2004) . Additionally, a 10 3 M inside of 1.3 × 10 −4 pc would inspiral into the central SMBH in less than 10 Myr due to gravitational wave emission (e.g. ).
Recently Naoz et al. (2020) used observations of S2 to place the most stringent constraints to date on the presence of an IMBH in the Galactic Center. They find that a 10 5 M IMBH cannot have a semi-major axis greater than 170 au (8.2 × 10 −4 pc). For a 10 3 M they find the maximum semi-major axis from observational constraints is ∼ 1000 au (5×10 −3 pc). Prima facie these constraints would rule out the IMBHs in Table 3 .
However, an IMBH at 0.01 pc is no longer inside of the orbit of S2, as assumed in Naoz et al. (2020) . Also, in this case the IMBH-SMBH-S2 system is not longer strongly hierarchical. Therefore, we perform direct three-body integrations with REBOUND (with the "GR" effect included) to see what effect an 10 3 M IMBH at 0.01 pc would have on the orientation of S2's orbit. We find that that orbital precession rate is ≈ 0.01 degrees per year in the case, which is consistent with existing observational limits (note this is also precession rate expected from GR effects alone). We also find a 10 5 M IMBH at 170 au would cause S2 to precess by a few tenths of a degree per year, and can be ruled out from observations (as expected from Naoz et al. 2020) . Gillessen et al. (2017) is shown by the black, empty histogram. The panels show eccentricity (top, left), semi-major axis (top, right) , and inclination (bottom). pKS and pAD are the two-sample KS and and Anderson-Darling test p-values that the simulated and observed eccentricity distributions are consistent. Note that for this plot, we exclude stars with semi-major axes greater than 0.03 pc.
Overall, the IMBHs in Table 3 (which can explain the observed eccentricity distribution of the S-stars) do not violate existing observational constraints. 
Stellar collisions
Twenty to thirty percent of our simulated binary-SMBH encounters result in collisions between stars rather than tidal separation of the binary. Table 4 shows the fraction of encounters that result in collisions for different binary eccentricity distributions. We consider stars to have collided if they enter into Roche Lobe contact during the encounter with the SMBH (see equation 7).
The above statistics are based one simulated encounter with the central SMBH per binary. However, binaries are in the empty loss cone, they would approach the tidal radius gradually over several orbits (see § 3.1). In this process, the binary could be excited to high eccentricities, so that the stars collide before the binary is disrupted (Antonini et al. 2010; Bradnick et al. 2017) . This would increase the ratio of collisions to disruptions. However, Antonini et al. (2010) Figure 14 . KS (black, solid ) and Anderson-Darling (AD) (blue, dashed ) test probabilities that the eccentricities from the simulation in Fig. 13 are drawn from the same distribution as the observed S-star eccentricities as a function of time. Note that implementation we use for the latter ("anderson ksamp" in scipy.stats) caps the probability at 0.25. naries due to Kozai-Lidov resonances. Therefore, this effect would not be present in our assumed co-planar configuration.
Hypervelocity stars
Many binary disruptions would result in a hypervelocity star ejected from the Galactic Center. The distribution of semi-major axes in Fig. 6 can be directly translated into a distribution of ejection velocities for such stars. For a given S-star semi-major axis a s , the ejection velocity of the corresponding hypervelocity star is
where M is the SMBH mass and we have assumed the initial center of mass orbit of the binary was parabolic. Fig. 15 shows the velocity distribution of ejected stars from binaries with a thermal eccentricity distribution (that is the model that best reproduces the observed Sstar semi-major axis distribution). For comparison we also show the velocity of the hypervelocity star detected by Koposov et al. (2020) . This star is in the 94th percentile of the velocity distribution. If we instead use the distribution in Fig. 7 , where the binaries' center of mass has a more realistic eccentricity, this star moves to the 87th percentile of the velocity distribution. In this case Figure 15 . Cumulative velocity distribution for ejected stars in our Monte Carlo ensemble of binary-SMBH encounters (for binaries drawn from a thermal eccentricity distribution). The purple star shows the ejection velocity for the recently discovered hypervelocity star originating from the Galactic Center (Koposov et al. 2020) .
the ejected velocity is
a d ≈ 0.05 pc is the initial semi-major axis of the binary's center of mass orbit. Finally, for the ensemble of circular binary disruptions (see the top panel of Fig. 6 ), the Koposov star would be in the 69th percentile of the velocity distribution.
Masses of the S-stars
We have proposed here that the S-stars originally come from the clockwise disk. However, the clockwise disk has O stars, while the S-stars are all B stars with masses ∼ < 15M (Habibi et al. 2017 ). The simplest explanation would be a sampling effect: there are relatively few S-stars, and by chance no O star binaries were disrupted. The chances that a random disk star has a mass below ∼ 15M is
where we assume the stars are drawn from the observed mass function in Lu et al. (2013) , and that this mass function extends from 1 M to the main sequence turnoff at the age of the disk (∼ 4 Myr). There are 22 S-stars inside of 0.03 pc. The chances that they would all be below 15 M is p 22 ≈ 10%, which suggests sampling effects could be a plausible explanation for the mass discrepancy between the S-stars and the clockwise disk. However, the observed S-stars do not include any stars significantly below ∼ 10 M . Such stars are likely present (considering the hypervelocity star detected by Koposov et al. 2020 was an A star), but are currently too dim to detect. In fact, more than 22 disruption are required to produce the observed S-stars. Assuming only stars greater that ∼ 8M could be observed, there would have to be a total of 120 disruptions to produce the observed S-stars, and the probability that none of these disruptions include O stars is 1%. However, the Hills mechanism has a built-in bias, and deposits massive stars at larger semi-major axes. From equation (24) 
The semi-major axis of the bound star is a factor of 1/q larger if it is the primary. (Note that in the limit of parabolic disruptions the primary and secondary have equal probability to be left bound to the SMBH-see Sari et al. 2010 ). This effect could explain the dearth of O stars among the S-stars. We leave a detailed exploration to future work.
CONCLUSION
Recent observations suggest a common origin for the S-star cluster and the clockwise disk in the Galactic Center. In particular, recent spectral observations suggest that these two populations have consistent ages (Habibi et al. 2017) . Additionally, Koposov et al. (2020) discovered a hypervelocity star that was ejected from the Galactic Center 4.8 Myr ago (approximately when the clockwise disk was forming). This strongly suggests that stellar binaries from the clockwise disk were tidally disrupted by the central SMBH early in its history, which would leave a compact cluster of stars inside of the disk (like the S-stars). Disk binaries can be pushed to tidal disruption via a gravitational instability in the disk (Madigan et al. 2009 ). We perform a detailed study of this scenario. Our results are summarized as follows.
1. We quantify the plausible range of semi-major axes of binary stars in the clockwise disk (see Fig. 4 ). We find that the evaporation of such binaries is dominated by other disk stars, rather than the isotropic star cluster in the Galactic Center.
2. We simulate a large number of encounters between disk binaries and the central SMBH. Tidal disruption of binary stars can reproduce the present-day semi-major axis distribution of the S-stars.
3. The eccentricity distribution of the S-stars is more difficult to reproduce. If these stars are injected via tidal disruption of binaries, they would start with a large eccentricity (e ∼ 0.97). In contrast, the S-stars have a roughly thermal eccentricity distribution.
4. We have considered three possible mechanisms to thermalize the S-star eccentricity: (a) scalar resonant relaxation (b) torques from the parent clockwise disk, and (c) an IMBH. The flight time of the hypervelocity star discovered by Koposov et al. (2020) and the observed ages of the S-stars require that the S-stars reach their current distribution in ∼ < 10 7 years. This is a challenge as highly eccentric orbits experience rapid general relativistic precession, which suppresses secular torques. We find the first two mechanisms are unlikely to be effective on this timescale. However, a ∼ 10 3 M IMBH at ∼ 0.01 pc, could reproduce the S-star eccentricity distribution within a few million years. 5. After a binary is tidally disrupted, the primary and secondary have equal chances to remain bound to SMBH (for parabolic disruptions). However, the primary is deposited at larger semi-major axes, which could explain the dearth of O stars among the S-stars. AM gratefully acknowledges support from NASA Astrophysics Theory Program (ATP) under grant NNX17AK44G and the David and Lucile Packard Foundation.
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